Abstract. Lightweight concrete is one of the options used in construction in lieu of the traditional normal-weight concrete. Due to its lightweight, it provides lighter structural members and thus, it reduces the total weight of the structures. The reduction in weight resulting in the reduction of the seismic forces since its density is less than 1840 kg/m 3 . Among all of the concrete constituents, coarse aggregate takes the highest portion of the concrete composition. To produce the lightweight characteristics, it requires innovation on the coarse aggregate to come up with low density of concrete. One possible way is to introduce the use of the artificial lightweight aggregate (ALWA). This study proposes the use of polystyrene as the main ingredient to form the ALWA. The ALWA concrete in the study also used two types of Portland cements, i.e. OPC and PPC. The ALWA introduced in the concrete comprises various percentages, namely 0%, 15%, 50%, and 100% replacement to the coarse aggregate by volume. From the results of the study, it can be found that the compressive strength and the modulus of elasticity of concrete decreased with the increase of the percentage of the ALWA used to replace the natural coarse aggregate.
Introduction
Concrete is the most popular material which has been used for more than a century for structural purposes in construction [1] [2] [3] . Due to its heavyweight characteristic (around 2400 kg/m 3 ), the structural components with this kind of heavy materials such as concrete are very vulnerable against the seismic hazard [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . To mitigate the damage of the structures due to the severe earthquake, the use of lighter concrete materials as one of the solutions become urgently necessary to be developed in the near future instead of the traditional normal-weight concrete. It is well known in concrete that the highest portion among all the concrete constituents is the coarse aggregate [1] [2] [3] . Hence, in order to come up with the lightweight concrete, the coarse aggregate is the main issue that needs to be replaced by the lighter one to reduce the self-weight of the structural components. A possible substitution to the natural coarse aggregate is by using the artificial lightweight aggregate (ALWA). The ALWA introduced in the study was the polystyrene. The polystyrene is a plastic material in the form of granules and having the characteristics of low density and lightweight, and also its inter-grain space filled with air that can make a good insulation against the heat. In the past, several studies have shown that lightweight concrete has already involved the use of polystyrene in the concrete mixtures [21] [22] [23] .
To create a good concrete, it certainly requires good binder such as cement. The most popular cement is the hydraulic cement which is normally a.k.a. Portland cement. Portland cement consists of several types in the market. However, three main products of Portland cement are the Ordinary Portland Cement (OPC), the Portland Composite Cement (PCC), and the Portland Pozzolana Cement (PPC). Despite there are three major types of cement in the market, the effect of OPC and PPC in concrete have been the major issue and investigated earlier [24] .
This study discusses the impact of using the polystyrene ALWA as a replacement to the natural coarse aggregate in the concrete. The soluble polystyrene was formed to resemble the shape of the natural coarse aggregate of which its size can be designed and produced to satisfy a certain need of gradation or sieve analysis. The study also involved two types of cement, namely the OPC and PPC to investigate the effects of each type of cement. The percentages of ALWA replacement to the natural coarse aggregate used in concrete were 0%, 15%, 50%, and 100% by total coarse aggregate volume.
Methodology

Materials
Cement
This study employed the effect of application of two different types of Portland cements, namely the OPC and PPC. The specific gravity of OPC used in the study was about 3.06 gr/cm 3 , whereas for the PPC it was around 3.08 gr/cm 3 .
Aggregates
Fine and coarse aggregates
The natural fine aggregate used in the study can be categorized into gradation zone II. However, the natural coarse aggregate used has the maximum size of 20 mm. The natural coarse aggregate used in the study was the crushed stone. Part or all of this aggregate has been replaced by ALWA. The results of the tests on the natural fine aggregate and crushed stone are given in Table 1 . 
Polystyrene artificial lightweight aggregate (ALWA)
The ALWA used was a product of dissolved polystyrene in the acetone solution. The polystyrene used in the study was the by-product material obtained from industrial waste. In the production process, the polystyrene waste was dissolved in the acetone solution with the ratio of 1:1.9 by weight. The soluble polystyrene was then formed into granule shape such that it resembles the natural coarse aggregate with a maximum diameter of 20 mm. Subsequently, the ALWA made from the polystyrene was left in the open air with room temperature for approximately three days to enable it to dry faster and produce the hardened texture. Figure 1 shows the ALWA product made from polystyrene. The tests conducted on ALWA made from polystyrene are listed in Table 2 . 
Mix design
The study explored the impact of both OPC and PPC on concrete with ALWA. This is to observe the effect of each type of Portland cement on the compressive strength and the modulus of elasticity of concrete. The mix design method adopted in the study to find the composition of the concrete constituents was the development of environment (DOE) method. From the analysis, it can be found that the mixture proportion by weight ratio is 1 : 0.78 : 1.33 (cement : sand : crushed stone) and the water-cement ratio used was set as 0.3. The percentages of ALWA made from polystyrene as a replacement to the natural coarse aggregate were 0%, 15%, 50%, and 100% by volume of natural coarse aggregate. The mix design of the concrete is provided in Table 3 . 
Specimens
The test specimens used to obtain the compressive strength and the modulus of elasticity of concrete were 100 × 200 mm concrete cylinders. Two types of Portland cements were used, namely the OPC and PPC, to form two sets of concrete cylinders. Every mixture comprised six test specimens in which consisted of three specimens each of OPC and PPC concretes. Table 4 represents the required number of test specimens for compressive strength as well as modulus of elasticity of concrete tests. 
Test methods
The compressive strength of concrete and the modulus of elasticity of concrete were tested at once using the Universal Testing Machine (UTM) to perform the compressive loading on the concrete cylinder specimens. The compressive strength test refers to the ASTM C39/C39M-18 [25] . The modulus of elasticity of concrete obtained from the tests were then compared with that of the ACI 318M-14 [26] for normal-weight concrete. All the tests were conducted at 28 days of age after the concrete casting. 
Density of concrete
The densities of concrete were examined for both concretes using the OPC as well as the PPC. Table 5 shows the results of the tests. The increase of the percentage of ALWA replacement to the crushed stone of 15%, 50%, and 100% by volume of concrete has caused a reduction in densities of concrete using the PPC and the OPC of 6%, 18%, and 29% and 5%, 18%, and 33%, respectively. The curves in Fig. 2 shows that the increase of percentage of ALWA replacement to the crushed stone has led to a proportional decrease in the concrete density. The reduction in density of concrete was due to the low density of ALWA made from polystyrene compared with that of crushed stone. The correlations between the densities of concretes using both OPC and PPC are nearly linear with the percentage of ALWA replacement to the crushed stone as shown in Fig. 2. From Fig. 2 , the reduction in density of concrete can be found from the percentage of ALWA replacement to the crushed stone [27, 28] . From Table 6 , it can be seen that the compressive strengths of concretes (f c ′) using both OPC and PPC decrease when higher polystyrene ALWA was used in concrete as a replacement to the natural coarse aggregate. The substitution of 15%, 50%, and 100% polystyrene-made ALWA has caused a reduction in the OPC concrete's compressive strength by as much as 22.23%, 36.03%, and 57.89%, and 22.23%, 36.03%, and 57.89% for the PPC concrete. The optimum percentage of ALWA replacement to the crushed stone was found at about 15% with the compressive strengths of 28.06 and 23.10MPa for OPC and PPC concretes, respectively. Figure 3 shows that the concrete's compressive strength is affected by the percentage of ALWA substitution. The increase of the use of polystyrene ALWA to replace the crushed stone leads to a proportional decrease in the compressive strength of concrete. The decrease in the compressive strength is suspected due to the smooth surface of polystyrene ALWA which makes it difficult to bond with the cement paste.
Compressive strength of concrete
ACI 318M-14 [26] provides the standard requirement for the compressive strength of seismic-resistant concrete structures and structural concrete of 20 and 17 MPa, respectively. As can be seen in Fig 3, to achieve the compressive strength of 20 MPa, the percentages of ALWA substitution to the crushed stone could be up to 41.62% and 46.93% for OPC and PPC concretes, respectively. To obtain the compressive strength of 17 MPa, the percentages of ALWA substitution are 69.83% and 65.56% for OPC and PPC concretes, respectively.
The optimum percentage of ALWA replacement to the crushed stone was at 15% with the compressive strength of 28.06 MPa. This case was for the OPC concrete. It was also found that the OPC concrete's compressive strength was greater than that of the PPC's concrete. The compressive strengths of concrete using polystyrene ALWA substitution of 0%, 15%, 50%, and 100% were found about 33.45%, 17.66%, 1.06%, and 8.01%, respectively.
One of the findings of the study has confirmed the previous research [28] which found the use of polystyrene directly in concrete was optimum at around 15%. The study which was carried out by Kamran and Mishra [24] shows that the compressive strength of concrete at 28 days of age using the OPC was higher than that using the PPC. The difference was reported as much as 17.6%.
Modulus of elasticity of concrete
The modulus of elasticity of concrete is to define the relationship between the stress and the strain of concrete during the relatively elastic phase. The value of this modulus depends on the compressive strength of concrete, the loading type, as well as the materials used in producing the concrete. The ACI 318M-14 [26] sets that the modulus of elasticity of concrete can be found at the stress value of 45% of the maximum compressive strength value (0.45fc′). Table 7 shows the average values of the modulus of elasticity of concrete using both the OPC and PPC. It can be seen in Table 7 , when the polystyrene ALWA with the replacement percentages of 15%, 50%, and 100% was used in concrete, the moduli of elasticity of OPC concrete were decreased by about 28%, 44%, and 61% from the modulus of elasticity of OPC concrete without polystyrene ALWA. For PPC concrete, the decreases were also found by 18%, 34%, and 54% from the PPC concrete without polystyrene ALWA. It can be concluded that the modulus of elasticity of concrete is reduced when more polystyrene ALWA is used as a replacement to the natural coarse aggregate. This could be due to the weak bond of the polystyrene ALWA with the cement paste in concrete [28] . Figure 4 shows that the modulus of elasticity reduces as the polystyrene ALWA increases. As for the comparison between the moduli of elasticity of concretes using the OPC and PPC and polystyrene ALWA, it was found that for replacement of 0%, 15%, 50%, and 100%, the moduli of elasticity of OPC concrete are greater than those of the PPC concrete by 19%, 8%, 5%, and 3%, respectively. The modulus of elasticity of concrete was significantly influenced by the materials used in making the concrete. Another important issue that needs serious attention during the compressive test is to assure that the surface of the specimens is horizontal, flat, and smooth to make sure that the load will be evenly distributed to the specimen's surface to avoid from premature failure.
